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In temperate regions of the world, influenza epidemics follow a highly regular seasonal pattern, in which
activity peaks in midwinter. Consistently with this epidemiology, we have shown previously that the aerosol
transmission of a seasonal H3N2 influenza virus is most efficient under cold, dry conditions. With the 2009
H1N1 pandemic, an exception to the standard seasonality of influenza developed: during 2009 in the Northern
Hemisphere, an unusually high level of influenza virus activity over the spring and summer months was
followed by a widespread epidemic which peaked in late October, approximately 2.5 months earlier than usual.
Herein we show that aerosol transmission of a 2009 pandemic strain shows a dependence on relative humidity
and temperature very similar to that of a seasonal H3N2 influenza virus. Our data indicate that the observed
differences in the timings of outbreaks with regard to the seasons are most likely not due to intrinsic differences
in transmission between the pandemic H1N1 and seasonal H3N2 influenza viruses.

In temperate regions of the world, influenza epidemics occur
with a very regular seasonal pattern: influenza activity exceed-
ing the epidemic threshold is generally seen only in the winter,
with peak activity observed in January or February in the
North and in June or July in the South (7; http://www.cdc.gov
/flu/about/season/flu-season.htm). In 2009, circulation of the
swine origin, pandemic H1N1 strain in the Northern Hemi-
sphere exhibited very different timing with regard to the sea-
sons. The pandemic virus was initially detected in Mexico and
the United States in late April, and it continued to spread in
the Northern Hemisphere at low levels throughout the sum-
mer months. A sharp increase in influenza activity occurred
early in September, and the peak of the fall wave of the pan-
demic was observed in mid-October, much earlier than is nor-
mally seen with epidemic strains (1). The unusual timing of the
spread of pandemic H1N1 influenza virus through the temper-
ate regions of the Northern Hemisphere led us to ask whether
the transmission of this virus might differ from that of a sea-
sonal strain in its sensitivity to relative humidity (RH) and
temperature. We showed previously that, in the guinea pig
model, aerosol transmission of influenza A/Panama/2007/1999
(H3N2) (Pan/99) virus is highly dependent on both of these
environmental conditions, with a cold, dry environment (5°C
and 20% or 35% RH) being the most favorable and either
warm (30°C) or humid (80% RH) conditions being unfavor-
able for spread (5). To test the relative effects of humidity and
temperature on the transmission of the pandemic H1N1 influ-
enza virus, we set up a series of aerosol transmission experi-
ments using the guinea pig model, in which we compared
Pan/99 virus to the pandemic isolate influenza A/Netherlands/

602/2009 (H1N1) (NL/09) under a number of different envi-
ronmental conditions.

Aerosol transmission experiments were performed as de-
scribed previously (5, 12), with Hartley strain guinea pigs
(Charles River Laboratories) housed individually in open
cages within an environmental test chamber (Caron model
6030). For each experiment, four animals were infected intra-
nasally with 103 PFU of Pan/99 or NL/09 virus and, starting
24 h after inoculation, four naïve guinea pigs were exposed to
the infected animals by being placed within the same environ-
mental chamber. The use of two separate chambers allowed
experiments with Pan/99 and NL/09 viruses to be performed in
parallel. We have previously reported the transmission effi-
ciencies of Pan/99 and NL/09 under the standard conditions
that we routinely use for aerosol transmission experiments; at
20°C and 20% RH, both of these viruses spread to all four
exposed animals (12). We now report the results obtained
under four additional environmental conditions: 20°C and 65%
RH, 20°C and 80% RH, 30°C and 20% RH, and 30°C and 80%
RH. At 20°C and 65% RH, transmission of Pan/99 virus was
seen previously to proceed with an efficiency ratio of 75% (5).
In the present study, Pan/99 virus infection was contracted by
all four exposed animals, while NL/09 virus spread to three-
quarters of the exposed guinea pigs under the same conditions
(Fig. 1A). Thus, good transmission of both viruses was ob-
served at 20°C and 65% RH. When more humid conditions
(80% RH) were tested at 20°C, NL/09 virus did not transmit,
while Pan/99 virus spread to one of four exposed animals (Fig.
1B). When increased temperature was tested under dry con-
ditions (30°C and 20% RH), transmission was again markedly
reduced relative to that at 20°C and 20% RH, with one-quarter
of the exposed guinea pigs becoming infected with each virus
(Fig. 1C). Again, both the seasonal H3N2 and the pandemic
H1N1 strain exhibited the same phenotype, although this re-
sult differed slightly from that reported previously for Pan/99
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virus (6). Finally, at an elevated temperature and humidity
(30°C and 80% RH), previously observed to block Pan/99 virus
transmission, no transmission was observed with either the
Pan/99 or NL/09 virus (Fig. 1D). Thus, overall, the aerosol
transmission of pandemic strain NL/09 exhibited a sensitivity
to humidity and temperature similar to that of the seasonal
Pan/99 virus (Table 1).

Our results suggest that the unusual seasonality exhibited to
date by the swine origin pandemic virus is not due to an
intrinsic property of this virus that would allow it to spread
more efficiently at increased temperature or humidity. Instead,
it seems likely that this virus was able to circulate among
humans during the summer and early autumn months due to a
relative lack of preexisting immunity in the population. Indeed,
a spring wave of influenza activity has also been seen in pre-

vious pandemics (2–4, 11). The well-established susceptible-,
infected-, recovered-population (SIR) epidemiological model
dictates that the availability of susceptible hosts is a key factor
in determining whether or not spread will occur in a popula-
tion (8); our data suggest that humidity and temperature con-
ditions also impact the effective transmissibility of influenza
virus. Thus, perhaps in the absence of widespread immunity,
the humidity and temperature requirements needed to achieve
sustained transmission of influenza virus become less stringent.

Reanalysis of our previous data by other groups has been
used to suggest that aerosol transmission of influenza virus
shows a direct dependence on absolute humidity, rather than
varying with both relative humidity and temperature (9, 10).
While an inverse correlation between the log10 of specific hu-
midity or vapor pressure (both of which are measures of ab-
solute humidity) and transmission was found to be statistically
significant, several outlying data points indicate that absolute
humidity alone cannot account for our data. Of particular note
is the high ratio of transmission seen among guinea pigs
housed at 20°C and 65% RH: either 75% or 100% efficiency in
four independent experiments (Table 1). If the transmission
ratio were a simple logarithmic function of specific humidity,
approximately 25% transmission would be expected. Thus, al-
though the viability of influenza viruses in an aerosol is strongly
correlated to specific humidity (9), it appears that the relation-
ship between aerosol transmission and ambient humidity and
temperature conditions may be more complex. Perhaps two or
more mechanisms, including virion stability in an aerosol, are
required to explain the observed effects of humidity and tem-
perature on influenza virus transmission.
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TABLE 1. Efficiency of aerosol transmission under various
conditions of humidity and temperature

RH (%) Temp
(°C)

Transmission efficiency (%) of influenza
strain (reference)a:

NL/09
Pan/99

Replicate 1 Replicate 2 Replicate 3

20 20 100 (12) 100 (12) 100 (5) 75 (5)
65 20 75 100 75 (5) 75 (5)
80 20 0 25 0 (5) 0 (5)
20 30 25 25 0 (6) ND
80 30 0 0 0 (6) ND

a Transmission efficiency is reported as a percentage of exposed animals that
contracted infection, and references are given in parentheses for data reported in
previous publications. ND, not done.
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